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 1:96 TeV taken by the run II Collider Detector at Fermilab, and corresponding to
an integrated luminosity of 532 pb1. We require the absence of any particle signatures in the detector
except for an electron and a positron candidate, each with transverse energy ET > 5 GeV and pseudo-
rapidity jj< 2. With these criteria, 16 events are observed compared to a background expectation of
1:9 0:3 events. These events are consistent in cross section and properties with the QED process p p!
p ee  p through two-photon exchange. The measured cross section is 1:60:50:3stat  0:3syst pb.
This agrees with the theoretical prediction of 1:71 0:01 pb.
DOI: 10.1103/PhysRevLett.98.112001 PACS numbers: 13.60.r, 12.20.Fv, 13.85.Qk
In this Letter we report an observation of exclusive
dilepton production in hadron-hadron collisions. In an
exclusive dilepton process there are no particles produced
other than the lepton pair, and the incident hadrons do not
dissociate. The process  ! ‘‘ in hadron collisions is
discussed in Ref. [1]. In this Letter we consider p p! p
ee  p, where the electron pair is produced via  !
ee. The events are simulated using the LPAIR
Monte Carlo generator [2].
Exclusive events have been proposed as a search channel
for new physics at the Large Hadron Collider (LHC) [3]
because, if the momentum of the outgoing protons is




measured, exclusive processes provide an additional
method to calculate the invariant mass of the central sys-
tem [4]. Also, since the interaction depends only on quan-
tum electrodynamics and the proton electromagnetic form
factor at small momentum transfer, the cross section is
known with an accuracy better than 1%. This makes ex-
clusive dilepton processes potentially interesting candi-
dates for improving the typical 5% uncertainty on the
luminosity measurement at hadron colliders [5]. Exclu-
sive dilepton events can provide an excellent control sam-
ple for other exclusive processes whose theoretical predic-
tions are less certain, such as exclusive diphoton produc-
ion [6] and exclusive Higgs production [3]. At the LHC,
exclusive dilepton events may also be used to calibrate
forward proton spectrometers [4]. Two-photon production
of lepton pairs has been experimentally observed in ep [7],
and AA [8] collisions, but the exclusive process has never
been observed in hadron-hadron collisions. There were
indications of exclusive muon pair production at the inter-
secting storage rings [9].
The present analysis uses a data set corresponding to an
integrated luminosity L  532 32 pb1 collected by the
run II Collider Detector at Fermilab (CDF II) [10]. CDF II
is a general purpose particle detector at the Tevatron, a p p




 1:96 TeV. The
experimental signature of exclusive ee production is an
ee pair with no other particles detected. The proton and
antiproton lose a small fraction of their momentum in these
collisions and escape along the beam direction without
being detected.
We briefly describe the components of CDF II that are
used in this analysis [11]. Both the central calorimeter [12],
covering jj< 1:1, and the plug calorimeter [13], covering
1:1< jj< 3:6, have separate electromagnetic (lead-
scintillator) and hadronic (steel-scintillator) compart-
ments. The energy resolution for the central electromag-




 13:5%  1:5%, and for





16%  1%. The central electromagnetic calorimeters con-
tain strip chambers that measure the transverse profile of
the electromagnetic shower at a depth of six radiation
lengths. The electromagnetic calorimeters are also capable
of determining the arrival time of a shower in the calo-
rimeter with a resolution of 0.6 ns [14]. The miniplug
calorimeter [15] is a lead-liquid scintillator sampling calo-
rimeter and covers the region 3:6< jj< 5:2. Covering
5:4< jj< 7:4 is a series of three scintillator paddles on
each side of the detector, collectively called the beam
shower counters (BSC), labeled BSC1, BSC2, and BSC3,
in order of increasing jj. BSC1 is preceded by 2 radiation
lengths of lead.
Inside the calorimeter is a tracking system composed of
a solenoid producing a 1.4 T magnetic field, the silicon
tracking detector, and the central outer tracker (COT) [16].
The tracking system measures charged particle tracks in
jj< 1:0 with an efficiency near unity, and charged par-
ticle tracks in 1:0< jj< 2:8 with reduced efficiency.
The data were collected using a trigger requiring two
clusters [17] of energy in the central or plug electromag-
netic calorimeters and no activity in the BSC1 counters.
Events containing two electron candidates with ET >
5 GeV and jj< 2:0 are selected. Here, and in the remain-
der of this Letter, we use the term ‘‘electron’’ to mean
either electron or positron candidate. Electron candidates
are defined as clusters in the electromagnetic calorimeter
with a hadronic-to-electromagnetic energy ratio and lateral
shower shape consistent with an electron, and a track with
pT > 1 GeV=c pointing to the calorimeter cluster. The
efficiency for triggering, reconstructing, and identifying
both electrons in a signal event is "ee  26 3%. A
large contribution to "ee comes from the electron trigger
efficiency, 77 5% per electron, due to the trigger turn-
on at the threshold.
Events caused by cosmic ray interactions occur at ran-
dom times, so we require both clusters to have a measure-
ment in the electromagnetic calorimeter timing system
with times that are consistent with the collision. The over-
all efficiency for the cosmic rejection requirement is
"cosmic  93 3%.
To select exclusive events, we require that no additional
particle signatures be detected in the calorimeters or BSC.
A particle signature in the calorimeter is defined as a
cluster of adjacent towers above the noise threshold in
the miniplug, or a single tower above the noise threshold
in the plug and central calorimeters. An additional cluster
is defined as a cluster that is not part of either electron in
the event. A particle signature in the BSC is defined as any
hit above the noise threshold of the BSC.
When an inelastic interaction occurs in the same bunch
crossing as an exclusive event, it will deposit energy in the
calorimeters and BSC, preventing the identification of the
exclusive event. This efficiency "exc is the fraction of zero-
bias events (triggered solely on the bunch crossing time)
that pass the exclusivity selection divided by the total
number of zero-bias events. This is directly related to the
instantaneous bunch luminosity [18]. Using the same run
range for the zero-bias data sample as the exclusive ee
triggered events, the overall exclusive efficiency is "exc 
8:6%, with negligible statistical uncertainty. The system-
atic uncertainty on this fraction is negligible compared to
the uncertainty of the luminosity.
As a consequence of the exclusivity selection require-
ments, electrons that emit sufficient bremsstrahlung (final
state radiation, FSR) to deposit energy outside the elec-
tron’s cluster will be excluded from the candidate sample.
The corresponding efficiency is calculated by generating
events with the LPAIR simulation plus the GEANT-based [19]
detector simulation, then requiring the events to pass the
exclusivity selection requirements. This efficiency is
"FSR  79 5%. The dominant source of uncertainty
in "FSR is the material count in the detector.




The overall efficiency to identify exclusive ee events
with the luminosity distribution of this data sample is
1:6 0:2%. This is dominated by "exc, which is low
because of the large fraction of bunch crossings with
more than one inelastic p p interaction.
A total of 16 candidate events pass electron identifica-
tion, cosmic ray rejection, and exclusivity requirements.
All of these events contain oppositely charged electron
pairs. The invariant mass and  (the opening angle
between the e and e in r- plane) distributions of the
candidate sample are compared to events generated with
LPAIR plus detector simulation in Fig. 1. Other variables,
such as the pT of the ee pair and  of the electrons are
also in agreement with LPAIR.
There are four backgrounds to consider: jets that pass
electron requirements (jet fakes), cosmic rays that interact
in the detector, nonexclusive events, and ! ee
events with proton dissociation.
The jet fake background consists of exclusive events
with a hadronic final state, such as , that fake a
signal event when both hadrons are reconstructed in the
detector as electrons. In a jet-triggered sample we observe
no events that pass the exclusivity cuts but fail the electron
requirements. This results in an upper limit on the rate of
this process. Multiplying this upper limit with the mea-
sured probability of a generic calorimeter cluster to pass
the electron cuts, an upper limit on the jet fake background
is determined to be 0.1 events. Thus the jet fake back-
ground is taken to be 0:00:10:0 events.
By examining the rate of out-of-time cosmic ray events,
the probability that a candidate event originates from a
cosmic ray is found to be negligible.
The third background is due to nonexclusive events in
which one or more particles passed undetected through
cracks in the calorimeter, or were below the noise thresh-
olds, causing the event to appear exclusive. The multi-
plicity of additional clusters is shown in Fig. 2(a). A
clear peak is observed in the zero additional clusters signal
region. To estimate the amount of background in the signal
region, the events with 5 to 50 additional clusters were fit to
the function y  eaxb, where the result of the fit yields
a  0:05 0:01 and b  1:3 0:4. The fit result pre-
dicts a nonexclusive background of 0:3 0:1 events with
zero additional clusters.
To verify that a peak in the signal region is not expected
with inclusive events, we plot the number of associated
clusters for a sample of Z! ee events selected from the
same run range as the exclusive ee data set (the Z boson
cannot be produced exclusively at a hadron collider due to
Yang’s theorem [20]) as well as a sample of inclusive
Drell-Yan events, simulated with the PYTHIA [21]
Monte Carlo generator, in Fig. 2(b). The Z! ee data
sample contains events with two electrons that have an
invariant mass between 81 GeV=c2 and 101 GeV=c2 and a
single vertex reconstructed in the event. There is no peak at
zero additional clusters in either the Z! ee sample nor
the Drell-Yan simulated sample. We also verified that this
distribution is nearly independent of the dielectron invari-
ant mass value using the simulated Drell-Yan sample.
The dissociation background arises from events that are
mediated by two-photon exchange, but instead of being
truly exclusive, one or both protons are excited into a low-
mass state that dissociates. There is a small probability that
these dissociations will escape detection in the BSC, and
hence would not be distinguished from exclusive events.
We use two simulation programs, GRAPE-DILEPTON [22]
and LPAIR, to estimate this background.
The LPAIR (GRAPE-DILEPTON) simulation predicts that
7% (5%) of proton dissociations will have all dissociation
products too far forward to be detectable. The average of
the two estimates, 6 1%, is taken as the probability that
a dissociated proton will escape detection. To estimate the
number of dissociation background events in the candidate
sample, the cross sections for events in which one or both
protons dissociate are extracted from LPAIR [23] and then
multiplied by the probability that the dissociation will
escape detection. The number of dissociation events in
the 16 event signal sample is estimated to be 1:6 0:3.
Therefore, the sum of all background sources is Nbkgd 
1:9 0:3 events.
The cross section  for exclusive ee production with





Considering that the exclusive process is derived from the
experimental observation (the sum of the exclusive and the
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b) FIG. 1. The 16 candidate events
(points) compared to the LPAIR simula-
tion (solid). (a) Invariant mass of ee
pair (resolution 8%), (b)  between
ee pair. The simulation is normalized
to the number of data events.




disassociation processes) we report both the total and the
exclusive cross sections.
The cross section for exclusive p p! p ee  p is
measured to be 1:60:50:3stat  0:3syst pb using Nbkgd 
1:9 0:3 events. This agrees with the theoretical cross
section 1:71 0:01 pb given by LPAIR. The probability
of observing 16 events when 1:9 0:3 events are expected
is 1:3	 109, equivalent to a 5:5 effect [24].
The measured cross section for  ! ee, where all
the proton and antiproton dissociation products are con-
tained within jj> 7:4, is measured to be 1:80:50:3stat 
0:2syst pb using Nbkgd  0:3 0:1 events (the sum of all
backgrounds except the dissociation). This agrees with the
theoretical prediction of 1:9 0:4syst pb for this cross
section, determined using LPAIR. The uncertainty on this
prediction is larger than for the purely exclusive LPAIR
prediction because assumptions about the hadronization
of the dissociating proton are made in this estimate.
In conclusion, we have observed 16 exclusive electron
pair events in CDF II, with jj< 2:0 and ET > 5 GeV,
with a background estimate of 1:9 0:3 events. These
events are consistent in both their cross section and kine-
matic distributions with p p! p ee  p through
two-photon exchange ( ! ee). This is the first time
that exclusive two-photon processes have been observed in
hadron-hadron collisions, and implies that the LHC experi-
ments can rely on this process to calculate expectations for
new physics and luminosity measurements.
We thank the Fermilab staff and the technical staffs of
the participating institutions for their vital contributions.
This work was supported by the U. S. Department of
Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science Founda-
tion; the A. P. Sloan Foundation; the Bundesministerium
für Bildung und Forschung, Germany; the Korean Science
and Engineering Foundation and the Korean Research
Foundation; the Particle Physics and Astronomy Re-
search Council and the Royal Society, UK; the Russian
Foundation for Basic Research; the Comisión Inter-
ministerial de Ciencia y Tecnologı́a, Spain; in part by the
European Community’s Human Potential Programme
under Contract No. HPRN-CT-2002-00292; and the
Academy of Finland.
[1] H. Bhabha, Proc. R. Soc. A 152, 559 (1935); V. Budnev
et al., Phys. Lett. B 39, 526 (1972).
[2] J. Vermaseren, Nucl. Phys. B229, 347 (1983).
[3] M. G. Albrow and A. Rostovtsev, hep-ph/0009336;
K. Piotrzkowski, Phys. Rev. D 63, 071502 (2001);
V. Khoze et al., Eur. Phys. J. C 23, 311 (2002);
A. Kaidalov et al., Eur. Phys. J. C 31, 387 (2003);
A. Kaidalov et al., Eur. Phys. J. C 33, 261 (2004);
V. Khoze et al., Eur. Phys. J. C 34, 327 (2004).
[4] CERN Report No. CERN-LHCC-2005-025; LHC Report
No. LHCC-I-015.
[5] B. Caron and J. Pinfold, Helsinki 2000, Workshop on
Forward Physics and Luminosity at the LHC; V. Khoze
et al., Eur. Phys. J. C 19, 313 (2001); A. Shamov and
V. Telnov, Nucl. Instrum. Methods Phys. Res., Sect. A
494, 51 (2002); D. Bocian and K. Piotrzkowski, Acta
Phys. Pol. B 35, 2417 (2004).
[6] A. Abulencia et al., Phys. Rev. Lett. (to be published).
[7] A. Aktas et al., Phys. Lett. B 583, 28 (2004); A. Aktas
et al., Eur. Phys. J. C 31, 17 (2003).
[8] A. Belkacem et al., Phys. Rev. A 56, 2806 (1997); C. Vane
et al., Phys. Rev. A 50, 2313 (1994); R. Baur et al., Phys.
Lett. B 332, 471 (1994); J. Adams et al., Phys. Rev. C 70,
031902 (2004).
[9] D. Antreasyan et al., CERN, Report No. CERN-EP/80-82,
1980 (unpublished).
[10] D. Acosta et al., Phys. Rev. D 71, 032001 (2005).
[11] CDF II uses a cylindrical coordinate system with the z
coordinate along the proton beam direction, in which  is
the polar angle,  is the azimuthal angle, and pseudor-
apidity    lntan=2. ET  E sin and pT  p sin,
where E is the energy measured by the calorimeter and p
the momentum measured in the tracking system.
 
Number of Additional Clusters

























a) Number of Additional Clusters


















30  Data-e+ e→Z
Drell-Yan Simulation
b)
FIG. 2. (a) The number of additional clusters in LPAIR simulation and signal sample events with all selection criteria applied except
the exclusivity requirement. LPAIR simulation events are normalized to the number of data events with less than 5 clusters. The line
shows the fit used for the background estimate. (b) The number of additional clusters for Z! ee data and Drell-Yan simulation, the
simulation is normalized to the number of data events.




[12] L. Balka et al., Nucl. Instrum. Methods Phys. Res., Sect. A
267, 272 (1988); S. Bertolucci et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 267, 301 (1988).
[13] M. Albrow et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 480, 524 (2002).
[14] M. Goncharov et al., FERMILAB, Report
No. FERMILAB-PUB-05-543-E, 2005; Nucl. Instrum.
Methods Phys. Res., Sect. A 565, 543 (2006).
[15] M. Gallinaro et al., IEEE Trans. Nucl. Sci. 52, 879 (2005).
[16] T. Affolder et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 526, 249 (2004).
[17] The calorimeter is constructed of many separate segments,
called towers. A cluster is defined as a set of adjacent
towers with an appreciable amount of energy deposited in
them.
[18] Bunch luminosity is the instantaneous luminosity of each
of the 36 individual bunch crossings at the Tevatron.
[19] GEANT, detector description and simulation tool, CERN
Program Library Long Writeup W5013 (1993).
[20] C. N. Yang, Phys. Rev. 77, 242 (1950).
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